As the majority of patients with basal-like breast carcinoma present with invasive, metastatic disease that do not respond to available therapies, it is essential to identify new therapeutic targets that impact invasion and metastasis. Protease-activated receptor 1 (PAR1), a G-protein coupled receptor has been shown to act as an oncogene, but underlying mechanisms are not well understood. Here, we show that ectopic expression of functionally active PAR1 in MCF-7 cells induced a hormone-refractory, invasive phenotype representative of advanced basal-like breast carcinoma that readily formed metastatic lesions in lungs of mice. PAR1 was found to globally upregulate mesenchymal markers, including vimentin, a direct target of PAR1, and downregulate the epithelial markers including E-cadherin, as well as estrogen receptor. In contrast, non-signaling PAR1 mutant receptor did not lead to an invasive, hormone refractory phenotype. PAR1 expression increased spheroid formation and the level of stemness markers and self-renewal capacity in human breast cancer cells. We identified HMGA2 (high mobility group A2) as an important regulator of PAR1-mediated invasion. Inhibition of PAR1 signaling suppresses HMGA2-driven invasion in breast cancer cells. HMGA2 gene and protein are highly expressed in metastatic breast cancer cells. Overall, our results show that PAR1/HMGA2 pathway may present a novel therapeutic target.
INTRODUCTION
Protease-activated receptor 1 (PAR1) was originally discovered on platelets and serves as the prototype for this specialized proteaseactivated class of G-protein-coupled receptors. 1 In addition to its well recognized roles in vascular biology, PAR1 has also been proposed to be involved in the invasive and metastatic processes of breast, 2,3 lung, 4 pancreatic cancer 5 and melanoma, [6] [7] [8] and has been identified as an oncogene in the transformation of NIH3T3 mouse fibroblasts.
9,10 Bar-Shavit et al. 2 demonstrated that high levels of PAR1 mRNA were found in infiltrating ductal carcinoma and very low amounts in normal and premalignant atypical intraductal hyperplasia. This observation was extended into a large study involving over 120 different breast patient samples. In another study, Korkola et al. 11 found that PAR1 expression levels increased by an average of 4-10-fold in 106 invasive ductal and 17 invasive lobular tumors as compared with 6 normal breast specimens. Studies by our group and others showed that the invasive breast, lung and ovarian cancer cells express very high levels of functional PAR1, 4, 12, 13 whereas minimally invasive MCF-7 cells have no PAR1.
14 Recently, we also showed that blockade of PAR1 signaling with cell-penetrating pepducins greatly inhibits tumor growth in xenograft models 4 and survival and metastasis to the lungs. 15 The basal-like breast tumors 16 are frequently triple negative (negative for estrogen receptor, progesterone receptor and HER2), and current chemotherapeutic regimens are unlikely to result in complete remission; thus, there is still a significant need to identify novel oncogenic targets that can enhance chemotherapeutic vulnerability to resistant disease. Here, we investigate the regulatory role of PAR1 in the basal-like breast cancer and identify the key transcription factor involved in tumor progression and metastasis.
The key molecular events leading to invasion is not well understood in basal-like breast cancer. The acquisition of invasive capacity by epithelial cells is observed in embryogenesis, woundhealing and metastasizing tumor cells. 17 Epithelial cells form organized structures with cellular polarity, adjoined by specialized cellular junctions. In contrast, invading cancer cells depart from organized tissue structures, are highly motile and may morphologically resemble cells of mesenchymal origin. The mesenchymal phenotype is characterized by the loss of epithelial structural/ adhesion proteins, such as cytokeratin, desmoplakin, zona occludens and claudin, replaced by their mesenchymal counterparts, vimentin, N-cadherin, OB-cadherin, integrin, fibronectin, laminin and smooth muscle actin. 18 Vimentin, the intermediate filament family member is an important marker of mesenchymal phenotype. 19 Identification of actionable targets that can regulate transition to an invasive/mesenchymal phenotype may reveal a new approach for the development of effective therapeutics.
Targeting master trasncriptional regulators that promote a mesenchymal phenotype and cellular invasion is an attractive approach to cancer therapy that can prevent metastasis and reduce therapeutic resistance. A seminal event in the acquisition of an invasive/mesenchymal phenotype is the loss of E-cadherin, a homotypic adherens junction molecule ubiquitously expressed in epithelial cells. 18, 20 E-cadherin expression can be lost through a variety of genetic and epigenetic mechanisms, including the upregulation of classical transcriptional repressors such as SNAI1, SNAI2/SLUG and ZEB1. [21] [22] [23] The high-mobility genes, principally HMGA-2 on chromosome 12, is implicated in the pathogenesis of soft tissue sarcomas, including liposarcoma 24 and aggressive angiomyxoma. 25 Recently the transcription factor HMGA2 (High Mobility Group AT-2 hook), a nuclear non-histone transcriptional regulator, was reported to be overexpressed in breast carcinomas of high histological grade. 26 Importantly, the HMGA family of proteins have an important role in self-renewal, cellular proliferation and differentiation. 27 HMGA proteins include HMGA1 (two splice varients HMGA1a and HMG1b) and highly related HMGA2 that bind AT-rich DNA chromatin and form multiprotein complexes known as 'enhanceosomes' that act on the promoter/ enhancer region of genes that globally regulate gene transcription. 28, 29 In this report, we show that overexpression of PAR1 in human breast cancer cell lines induces a basal-like phenotype though the non-histone chromatin-binding protein HMGA2. Furthermore, PAR1 ectopic expression leads to cancer stem cell marker expression-a hallmark of basal-like breast cancer.
RESULTS

PAR1 overexpression transforms breast cancer cells into metastatic phenotype
Constitutive overexpression of PAR1 cells promotes anchorage and serum-independent growth, and has been strongly implicated in breast cancer invasion and metastasis. MCF-7 cells are thought to represent an early breast cancer phenotype because they are estrogen-sensitive and require transfection with oncogenes or invasogenic factors to become tumorigenic in nude mice. 30 For this purpose, we have generated stable cell lines with ectopic expression of PAR1 in the PAR1-null human breast cancer cell line MCF-7 and tested their pro-invasive properties using threedimensional (3D) matrigel growth. We evaluated the level of ectopic PAR1 expression in six randomly chosen stable MCF-7 clones using western blot analysis (Figure 1a) . Furthermore, we made a stable cell line with a 'signaling-dead' PAR1 mutant that had a mutation in the third intracellular loop, R310E-PAR1. High levels of PAR1 expression that appear as highly glycosylated broad protein band 31 were seen in clones N18, N26, N29, N55, R310E and MDA-MB-231 human breast cancer cell line with known expression of PAR1 15 ( Figure 1a ). These clones and parental cells were evaluated for 3D growth in matrigel to characterize their growth potential and invasiveness through basement membrane. MDA-MB-231 cells (Figure 1b ) formed large branching stellate structures suggestive of highly invasive phenotype. In contrast, PAR1-null cell lines (clone N19 and N31) and R310E-PAR1 'dead' receptor did not show any significant growth and formed a small number of round spheres. PAR1-expressing clones N18, N26, N29 and N55 all formed large branching stellate structures reminiscent of MDA-MB-231. These findings suggest that PAR1 expression promotes cancer cell growth and invasion. As an alternative to 3D growth in matrigel, invasive growth patterns in collagen type I were tested for MDA-MB-231, PAR1-MCF7/N55 and R310E-MCF7 cell lines. Collagen type I growth conditions revealed that MCF7 cells expressing functional PAR1 (N55) unlike mutant PAR1 (R310E) form infiltrative front similar to MDA-MB-231 and with a prominent stellate-appearance compared with matrigel ( Figure 1c) . To study the role of PAR1 in anchorage-independent growth, MCF7 cells expressing PAR1 and mutant R310E were grown in soft agar. Representative images of the wells with colonies developed inside soft agar on day 28 suggest that PAR1 significantly increased anchorage-independent colony formation (Supplementary Figure 1) .
Next, we tested whether the pro-invasive phenotype conferred by PAR1 in MCF-7 cells under in vitro conditions could be extended to an in vivo experimental metastasis tumor model. MCF7-PAR1/N55, the MCF-7 controls (PAR1-null) parental cell line and R310E 'dead-PAR1', and MDA-MB-231 cells (2 × 10 6 , respectively) were injected via tail vein of female 6-7-week-old athymic (Harlan-Sprague-Dawley) nu/nu mice. After 6 weeks, mice were killed and the lungs were extracted for histologic evaluation of tumor growth. All mice that received MCF7-PAR1/N55 breast cancer cells developed extensive tumor nodules (8/8) in contrast to mice injected with MCF-7 cells (PAR1-null) or R310E (PAR1-dead) that had no detectable tumor formation (0/6 for both) after 6 weeks (Figures 1d and e; Supplementary Figure 2) . Notably, the tumor burden was comparable in the N55-and MDA-MB-231-injected mice. The observations here suggest that ectopic PAR1 expression in MCF-7 cells is sufficient to confer growth and metastatic potential akin to those seen in MDA-MB-231, a cell line that models aggressive, hormone-independent breast cancer. Long-term goal is to determine whether PAR1 has role in spontaneous metastasis from primary tumors.
Overexpression of PAR1 regulates self-renewal Given the striking ability of PAR1 to promote tumor growth and experimental metastasis, we then examined the ability of PAR1 to regulate stem-like self-renewal properties. We determined the ability of PAR1-MCF7 cells for self-renewal using serial colonyformation unit (CFU) analysis to differentiate between the highly proliferative progenitors vs potential stem cells. As shown in Figure 2a , each of the PAR1-expressing clones (N18, N26, N28 and N55) after initial seeding (P1) had 2-14-fold greater capacity (P o 0.004, white bars) to form colonies larger then 30 cells, compared with cells without PAR1 expression (N19, N31) or without functional PAR1 (R310E). This was 9-69% capacity of CFU activity compared with the MDA-MB-231 cells. After 6 days, colonies were trypsinized and re-plated (P2) at a low density (equivalent to P1), which showed increase in their CFU activity for all the clones (P2, grey bars, P o0.0001). Upon the third serial passage, PAR1-expressing clones continued to enrich for CFUs (P3, P o 0.000003) compared with PAR1-null (N19 and N31) and PAR1-'dead' (R310E) which exhibited no significant increase in capacity to form CFUs. To confirm that the increase in ability for self-renewal seen in PAR1-expressing clones is directly due to PAR1 expression, we tested the effect of silencing PAR1 with shPAR1 in the MCF7-PAR1/ N55 clone. PAR1 surface expression was assessed by fluorescenceassisted cell sorting as shown in Figure 2b ; there was 50% decrease in median surface expression of PAR1 relative to parental N55 control. The effect of reduced PAR1 surface expression was tested on the ability to form CFUs. As shown in Figure 2c , the shPAR1-derived cells formed 58% less CFUs as compared with the parental cell. This loss of PAR1 expression may be responsible for reduced capacity of these cells to self-renew and suggests that PAR1 may regulate self-renewal in breast cancer. N55-MCF7 cells were next tested for the capability to form tumorspheres. These cells formed threefold larger number of spheres (Figure 2d ) that were also larger in size as compared with parental MCF7 cells, further supporting PAR1 role in both initiating and maintaining tumorspheres in the absence of cellular adhesion.
Increased pro-metastatic phenotype: switch in E-cadherin and vimentin expression We have previously demonstrated that MCF-7 cells stably expressing PAR1 (MCF-7/PAR1) display significant increases in migration, invasion and tumorigenicity. 12 Here, we correlate the invasive capacity of MCF-7/PAR1 cells with changes in cellular morphology. Consistent with the lack of motility, we observed that MCF-7 cells retain an epithelial morphology with clustered growth and significant cell-cell adhesion. In contrast, MCF-7/PAR1 cells obtained a spindle-shaped, fibroblast-like morphology with decreased cellular contacts (Figure 3a) .
PAR1-expressing MCF-7 cells are accompanied with increased formation of actin stress fibers as demonstrated with phalloidin staining (Figure 3a) . To further characterize the phenotypic differences, we labeled the cells for E-cadherin (epithelial adherens junction protein) and vimentin (mesenchymal intermediate filament) and looked for changes associated with PAR1 expression. MCF-7 cells displayed a typical epithelial phenotype with E-cadherin localized at cell-cell junctions. We observed no expression of vimentin or PAR1. In association with PAR1 expression, we saw that MCF7/PAR1 cells gained vimentin, which was polymerized into filamentous cytoskeletal structures (Figure 3b ). These cells further demonstrated a complete loss of E-cadherin expression both at the cell surface and in the cytoplasm. Consistent with the immunofluorescence results, western blot results demonstrated that PAR1 expression strongly correlates with the induction of vimentin and loss of E-cadherin ( Figure 3b and Figure 5c ). Full-sized vimentin gives a single-band of the expected size of~56 kDa. However, several investigators have reported that vimentin can be detected as smaller sized degradation products due to proteolysis of the N-terminus, typically appearing as~48 kDa products or smaller with stepwise removal of a 9 kDa units. 32, 33 Proteolysis may be an important factor in regulating vimentin stability in these cells. MCF-7/PAR1 clones ( Figure 3b We further examined vimentin expression in primary tumors from well-or moderately differentiated invasive ductal carcinoma using US Biomax (T088) breast cancer tissue array, a microarray panel that contained 16 panels of malignant tumor (Car), 4 normal tissue adjacent to tumor (CA) and 4 normal tissues. As shown in Figures 3d and e, vimentin expression increased along with the histologic grade of the tumor. In contrast, there was no expression detected in normal tissue. Most intriguingly, vimentin was detected in all cancer-adjacent normal tissue, although it is not clear whether these vimentin-positive cells are normal breast epithelial cells or desmoplastic stromal cells. Taken together, vimentin expression correlates with PAR1 expression and appears to indicate aggressive and invasive phenotypes.
PAR1 directly regulates vimentin expression
Given the significant upregulation of vimentin in primary breast cancer and breast cancer cell lines as seen above, we next characterized metastatic breast tumor to the lung (previously described in Figure 1d ) for vimentin expression using immunohistochemistry. Consistent with previous data, vimentin expression was detected in metastatic breast tumor nodules formed by Figure 3a) . Data are mean ± s.d., n = 3. Statistical analysis using two-tailed Student's t-test. *P o0.05, ***P o0.001.
On the basis of these data, majority (~77%) of PAR1 transfected cells expressed dual PAR1 and vimentin. In a converse experiment, 5-day treatment of PAR1-expressing breast cancer cells with a PAR1 inhibitor, PZ128, almost completely downregulated vimentin in MCF-7/PAR1 cells, further supporting the regulatory role of PAR1 on vimentin (Figure 4d ).
PAR1 induces epithelial to mesenchymal transition in the MCF-7 breast carcinoma cell line Given the above changes in cellular phenotype and protein expression, we used the Human Genome U133A 2.0 Array (Affymetrix) containing an 18 400 probe set representing 14 500 human transcripts to investigate global changes in gene transcription in response to PAR1 expression ( Figure 5 ). Hierarchical gene clustering by euclidean distance revealed that, of all transcripts analyzed, vimentin experienced the greatest transcriptional induction (+3988-fold; P o 1 × 10
). Conversely, E-cadherin and Estrogen Receptor/Trefoil Factor demonstrated the greatest transcriptional reduction (−1383, − 1681 and − 3794-fold decrease, respectively; all P o1 × 10 − 3 ). Trefoil factor is a pro-angiogenic estrogen-responsive gene, and its downregulation reemphasizes the loss of estrogen receptor activity. 34 The significant downregulation of estrogen receptor is in agreement with our recent finding that MCF-7/PAR1 cells are able to form tumors in the mammary fat pads of female nude mice without estrogen supplementation.
Overall, we observed here a remarkable transcriptional shift highly indicative of a mesenchymal transition. There was an increase in expression of TGF-β family members that have been well established as a potent inducer of mesenchymal transition in mammary cells that involves acquisition of tumor stem-like properties. 35 In MCF-7/PAR1 cells, the loss of epithelial junctional proteins (E-cadherin (adherens junction), claudin 3/zona occluden 3 (tight junction), desmoplakin (desmosome)) and epithelial (Table 1) . Protein levels of representative epithelial to mesenchymal transition (EMT) markers were also confirmed by western blot (Figure 5c ). We analyzed the EMT status of two independent clones of MCF-7 cells stably expressing PAR1 (clones N26 and N55; N55 was used for the genome array). The mesenchymal state of both clones indicates that the observed shift in transcriptional events is specific to PAR1 expression and not the artifact of a fortuitous gene-insertion event. In fact, we see that both clones display significant similarities with MDA-MB-231, a highly invasive breast cancer cell line expressing high levels of endogenous PAR1. Taken together, we have demonstrated here that the ectopic expression of PAR1 in MCF-7 cells induces a hormone-refractory, mesenchymal phenotype representative of advanced stage metastatic breast carcinoma.
Regulation of PAR1 and HMGA2 expression Lastly, microarray data revealed transcriptional regulators of the self-renewal and invasive program, such as HMGA2, and ZEB1 to be upregulated more than 200-fold, suggesting their potential functional relevance in PAR1-mediated tumor-invasive program (Supplementary Figure 4) . The expression levels of other prominent EMT regulators, such as ZEB2/SIP1, SNAI1, TWIST1 and NFκB, did not significantly change (all microarray data discussed in this report has been deposited to NCBI gene expression and hybridization array data repository (GEO, www.ncbi.nlm.nih.gov/geo)). To correlate the expression of HMGA2 to PAR1, we analyzed both mRNA (qPCR) and protein (western blot) levels of HMGA2 levels in four invasive human breast cancer cell lines with varying levels of PAR1 expression: PAR1 high (MCF7-PAR1/N55, MDA-MB-231), intermediate (Hs578 T), low (BT-549) and negative (T47D and MCF7-310E (PAR1 'dead')) (Figures 1a and 3c) . The HS-578T cell line reproducibly produced a potential HMGA2 band with higher mobility (~20 kDa) than the expected 18 kDa. Because HMGA2 is frequently disrupted or aberrantly expressed although most frequently in human neoplasis, 36, 37 it remains feasible that this is a variant of HMGA2, however, this still needs to be confirmed. HMGA2 was not detectable by western blotting in BT-549.
To address the functional role of HMGA2 and other prominent transcriptional regulators of the self-renewal and invasive programs such as ZEB1 and Slug, we silenced individual transcription factor gene expression using HMGA2-small interfering (siRNA), ZEB1-siRNA, Slug-siRNA or Luciferase-siRNA as control in MCF7-PAR1-expressing cells. As shown in Supplementary Figure 5 , treatment of MCF7-PAR1 cells with individual siRNA caused ã 69%, 43% and 67% loss in Slug, HMGA2 and ZEB1 expression, respectively. To determine whether ZEB1, Slug or HMGA2 transcription factor may regulate invasion through collagen type I matrix, we set up a quantitative Boyden chamber invasion-like assay. 12 We reproducibly observed reduction in invasion to be specific for the HMGA2 siRNA (P = 0.017)-treated cells, whereas ZEB1 siRNA and Slug siRNA were unaffected (Figure 6c) . Blockade of PAR1 with PZ128 on top of the HMGA2 siRNA treatment did not result in further decrease in invasion. Together these data suggest that PAR1 and HMGA2 affect invasion through a common signaling pathway.
To determine whether PAR1 can directly regulate HMGA2 protein expression, cells were treated for 3 days with PAR1 inhibitor, PZ128. There was a complete downregulation of HMGA2 protein, further supporting the link in the regulatory role of HMGA2 and PAR1 (Figure 6d) . Furthermore, 3D growth in the presence of PZ128 completely blocked the formation of a migratory front and the stellate appearance (Figure 6e) , consistent with the previous data that support a PAR1 mediated 3-D in vitro growth.
Given the strong correlation of high PAR1-expressing cell lines and HMGA2 expression, we then asked whether HMGA2 could be involved in the regulation of PAR1 gene expression. The interaction of HMGA2 protein with the PAR1 promoter was examined by the chromatin immunoprecipitation assay (ChIP). First, chromatin fragments were immunoprecipitated from MCF7-PAR1/N55 cells using anti-HMGA2 antibody (Ab). Upon isolation of IP-DNA, five sets of hPAR1 primers P1-P5 (spanning the PAR1 promoter) and input control GAPDH (sequence reported in 
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Supplementary Table 1 and schematically shown in Figure 6h ) were used for PCR amplification. Primers were designed to cover the − 2.9 kb 5' region of hPAR1 promoter ( Figure 6h ). As shown in Figure 6f , IP-HMGA2 Ab identified the P3 primer set (−1097 to − 1674 bp) that amplified a 577-bp fragment of the PAR1 promoter as potential binding site for HMGA2. Because R310E-MCF7 (PAR1-dead) cells have minimal expression of HMGA2 and nonfunctional PAR1, these cells were used in the next series of comparative ChIP studies. IP-HMGA2 DNA from MCF7-PAR1/N55 (PAR1) and R310E-MCF7 (R310E) were isolated and a set of primers directed to P2 and P3 region of hPAR1 promoter were amplified. As expected, the PCR amplification for P3 in R310E cells was nearly undetectable, suggesting a weaker PAR1/HMGA2 association in the context of nonfunctional PAR1 (Figure 6g ). P2 did not detect any specific binding from either IP-DNA prep. The input signal levels were confirmed using GAPDH to show that equal amounts of DNA were used. Together these data indicate that PAR1 promoter may bind HMGA2 transcription factor within a 577-bp fragment localized at − 1097 to − 1674 bp (Figure 6h ).
DISCUSSION
PAR1 is an oncogenic protein clinically associated with invasive breast carcinoma and characterized as a potent inducer of cancer cell migration, invasion, survival and metastasis. 2, 12 Ectopic expression of PAR1 in mammary gland epithelia induces oncogenic transformation, however, the mechanistic basis for its tumorigenic function remains unclear. Here, we demonstrate that PAR1 expression results in a global change in gene transcription with loss of epithelial and gain of mesenchymal markers consistent with a shift to an invasive/mesenchymal phenotype. The in vivo ectopic expression of PAR1 promotes metastasis, suggesting that upregulated PAR1 expression may contribute to malignant transformation. The pathological manifestations of such transcriptional shifts were observed in our previous study in which MCF-7/PAR1 cells obtained hormone-independent in vivo tumor growth and ability to invade into surrounding tissue. 12 We have shown that PAR1-mediated invasion is HMGA2-dependent in PAR1-expressing breast cancer cells. PAR1 was found to upregulate mesenchymal markers, including vimentin and downregulated the epithelial markers including E-cadherin resulting in all or none PAR1-dependent regulation of EMT. In contrast, non-signaling PAR1 mutant receptor did not lead to invasive transition. Blockade of PAR1 with intracellular pepducin inhibitor downregulated vimentin and HMGA2 transcription factor without changing E-cadherin expression. Furthermore, transient expression of PAR1 did not affect the loss of E-cadherin as observed with the stable PAR1 expression. Therefore, there may be two distinct programs that are regulated for the full EMT transition: (i) a gain of mesenchymal program that may be PAR1 regulated and (ii) a loss of epithelial program that is a secondary event not directly regulated by PAR1.
Inhibition of PAR1 signaling suppresses HMGA2 expression and PAR1/HMGA2 driven invasion in breast cancer. Also, based on the ChIP studies, PAR1 may be a direct downstream gene regulated via HMGA2 (Figure 6i ), creating a feed-forward loop towards an invasive phenotype. In melanoma, PAR1 is negatively regulated by activator protein-2 (AP-2) 8 and is in competition with a transcriptional activators such as Sp1 that regulate PAR1 expression. A gain of HMGA2 expression may have a profound effect on the regulation of AP-2/Sp1 binding to hPAR1 promoter region. Interestingly, in prostate cancer, a functional androgen-responsive element was identified upstream of a potential HMGA2-binding site, 38 and in MCF7 breast cancer cells, estrogen-responsive elements were identified that regulate PAR1 expression. 39 It remains to be determined whether HMGA2 is involved in these regulatory events. HMGA2 is a high-mobility-group non-histone chromosomal protein that possesses no intrinsic transcriptional activity but rather functions in orchestrating the assembly of structures through protein-DNA and protein-protein interactions. 40 Recent reports identified HMGA2 as an important regulator of tumorigenesis and metastasis in lung cancer, 41 melanoma, 42 colon, 43 ovarian cancer 44 in addition to soft tissue sarcomas such as liposarcoma 24 and deep (aggressive) myxoma 25 of the female genital tract. Therefore, HMGA2 is becoming recognized as a key mediator in numerous mesenchymal and epithelial malignancies, and this report identifies HMGA2 as an important regulator in PAR1-dependent breast cancer progression.
Role of HMGA2 as it relates to PAR1 expression is not well understood. The ectopic expression of PAR1 in MCF-7 cells conditioned media as the chemoattractant source in the bottom well. PZ128 (8 μM) was added as indicated to the lower well. For Luci control, the total number of cells was 557. Luci control was used to set invasion as 100% and every other treatment was normalized as compared with the Luci control. (d) MCF-7-PAR1/N18 cells were treated 3 days with vehicle (0.2% DMSO) or PZ128 (8 μM) as indicated. Cells were lysed and immunoblotted for HMGA2. β-actin was used as the loading control. Representative data are shown from two independent experiments. (e) Representative 3D growth of MCF-7-PAR1/N18 cell lines cultured in collagen type I and treated with vehicle (0.2% DMSO) or PZ128 (8 μM) as indicated and photographed after 6 days with a light microscope and SPOT digital camera (Diagnostic Instruments) carried out in duplicate, two independent times (bar, 100 μm). (f) ChIP assay to determine in vivo interaction between HMGA2 and the human PAR1 promoter using P1 to P5 primers (panel h, Supplementary Table 1 ). The immunopercipitated DNA from PAR1-MCF7/N55 cells was purified and amplified by PCR and run on 1.5% DNA agarose gel. Molecular weight markers are shown on right as base pair (bp). (g) ChIP assay to determine in vivo interaction between HMGA2 in hPAR1 promoter using high HMGA2-expressing PAR1-MCF7/N55 and low HMGA2-expressing R310E-MCF7 cell line. The immunoprecipitated DNA from the two cell lines was purified and amplified by PCR using P3 primers and run on 1.5% DNA agarose gel. The input DNA was used as a positive control for PCR amplification of GAPDH. (h) Schematic of the PAR1 promoter. A map of the 5' flanking − 2.9-kb sequence of the PAR1 gene and relative design of P1 to P5 primers. Potential AP-2 and Sp1 regulatory motifs have been previously described. 8 Potential nucleotide binding P3 region (−1097 to − 1674 bp) was identified. (i) Schematic of the proposed mechanism for PAR1 promoter by the transcriptional factor HMGA2. *Po 0.05.
induces expression of TFG-β family members, most prominently TGF-β1 (Table 1) . The TGF-β signaling pathway is a major inducer of the EMT. TGF-β has been previously identified 45 as an important pathway that controls tumor invasiveness and metastasis via HMGA2. The dual role of PAR1/TFG-β and HMGA2 regulatory control warrants further investigation. Basal-like breast cancer also called 'triple-negative' are associated with an aggressive phenotype and poor therapeutic response, and therefore still remains a challenge for clinical interventions. There is an urgent need to develop precise therapies and identify novel targets that impact metastatic spread to prevent higher recurrence in triple-negative breast cancer. After an initial response to chemotherapy, many triple-negative breast cancer patients have recurrence of drug-resistant metastatic disease. Recently, the US Food and Drug Administration approved vorapaxar SCH530348 (Zontivity), a novel PAR1 inhibitor to reduce the risk of myocardial infarction, stroke and cardiovascular death (TRACER; TRAP-2P: TIMI 50). [46] [47] [48] PZ128 pepducin PAR1 inhibitor used in this study is presently in Phase I clinical trial. 49 It remains to be determined whether PAR1 inhibitors hold great promise in the cancer field. Here, we show that PZ128 can regulate HMGA2 expression, further supporting the regulatory role of HMGA2 by PAR1. It is not clear whether vorapaxar inhibits PAR1 activity in a similar manner.
In summary, we describe here a novel approach taken by PAR1 to regulate EMT. The cooperative activity of PAR1 and HMGA2 'enhanceosomes' to induce a fully mesenchymal phenotype suggests the utility of HMGA2-PAR1 as prognostic markers for metastatic behavior and therapeutic resistance in breast cancer. Furthermore, our results provide mechanistic rationale for the use of a PAR1 inhibitor for breast cancer therapy and HMGA2 as a potential biomarker for efficacy.
MATERIALS AND METHODS
Cell culture and generation of stable cell lines
Breast carcinoma cell lines MCF-7, MDA-MB-231, T47D, Bt-549 and HS-578 T were all obtained from the Developmental Therapeutics, National Cancer Institute/NIH (Frederick, MD, USA). Cells were cultured in NCI-recommended media. Briefly, MCF-7, MDA-MB-231, T47D, Bt-549 and HS-578 T cells were cultured in Dulbecco's modified Eagle's medium or RPMI 1640 media supplemented with 10% fetal bovine serum (Life Technologies/Invitrogen, Grand Island, NY, USA), 1% penicillin/streptomycin in 5% CO 2 at 37°C. Stably expressing PAR1 (MCF-7/PAR1) were generated in our laboratory as previously described.
14 Reagents N-palmitoylated peptide PZ128 also known as P1pal-7 was synthesized as described previously. 13, 50 Activation of proMMP-1 with APMA was performed as previously described. 12 Thrombin was obtained from Haematologic Technologies Inc (Essex Junction, VT, USA).
Extraction of RNA and real-time PCR analysis
Total RNA was extracted using the RNeasy kit (Qiagen, Valencia, CA, USA). cDNA was amplified as previously described 51 and PCR was conducted using Q Syber Green Supermix, (Bio-Rad, Hercules, CA, USA) with specific primers for vimentin and actin, Vimenti-F: GACAATGCGTCTCTGGCACGT, Vimentin-R: TTCTTCTGCCTCCTGCAGGTTCTT; β-actin-F: GGCTCTTCCAGCC TTCCTTCCT, β-actin-R: CACAGAGTACTTGCGCTCAGGAGG.
Small interfering RNA (siRNA) RNA against HMGA2 SMARTpool siRNA (CCAGGAAGCAGCAGCAAGA) and firefly luciferase (CGTACGCGGAATACTTCGA) were synthesized by Dharmacon (Lafayette, CO, USA). MCF7/PAR1-N18 cells were transfected overnight with 0.2 μM siRNA using Oligofectamine (Invitrogen) in serum-free RPMI 1640 without antibiotics. Slug siRNA and ZEB1 siRNA were purchased premade from Thermo Scientific (Tewksbury, MA, USA). Cells were recovered for 24 h in 10% fetal bovine serum before use in assays.
Western blot analysis Immunofluorescence staining Cells were cultured on eight-chamber polystyrene vessel tissue culturetreated glass slides (BD Falcon, Franklin Lakes, NJ, USA) and fixed with 4% formaldehyde, permeabilized with 0.1% Triton X-100 and blocked with 1% bovine serum albumin for 30 min. Cells were stained with PAR1-ATAP2, vimentin or E-cadherin and subsequently with Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA). Slides were washed and mounted with ProLong Gold antifade reagent with 4',6-diamidino-2-phenylindole (Invitrogen) and visualized by fluorescence microscopy and image-captured by SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI, USA).
Mouse models of lung metastasis
Experiments were conducted in full compliance with the Institutional Animal Care and Use Committee of Tufts Medical Center. MDA-MB-231/ GFP (n = 5), MCF7/PAR1-N55 (n = 8), MCF7/R310E (n = 6) or MCF7 (n = 6) cells (2 × 10 6 ) were introduced via the tail vein of female NCR nu/nu mice (Taconic Farms, Hudson, NY, USA) mice. 15 Lungs were collected and analyzed after 6 weeks for the presence of tumor nodules.
Lung histology
Paraffin-embedding, sectioning, hematoxylin and eosin staining and immunohistochemistry for vimentin were performed by the Tufts Medical Center Pathology department. Metastatic tumor nodules were counted throughout the entire lung section under a light microscope. Microscopy images were captured with a light microscope and SPOT digital camera.
Immunohistochemistry for tissue microarray analysis
Immunohistochemistry was performed by the Tufts Medical Center Pathology department using tissue microarray US Biomax (T088, Rockville, MD, USA). A tissue microslide were incubated with vimentin ab. 52 Microscopy images were captured with a light microscope and SPOT digital camera.
Invasion assays
All invasion assays were performed using Boyden chambers with 8 μm pores (Costar, Tewksbury, MA, USA) and all cells were starved overnight in 1% fetal bovine serum. For invasion, 2.5 × 10 4 cells in 0.1% bovine serum albumin were placed in the top chamber and allowed to migrate towards NIH-3T3-conditioned media in the lower chamber. For invasion, type I rat tail collagen (BD Biosciences, San Jose, CA, USA) was set using Boyden membrane and cells were allowed to invade for 22 h. After 22 h, cells were removed from the upper chamber and membranes were stained using the Hema3 system; the invasion assays were quantified by counting the number of cells as previously described. 53 
3D cultured cells
Cells were seeded into eight-well plastic-chembered glass microscope slides containing growth factor-reduced Matrigel. Briefly, chambers were coated with matrigel and 5000 cells were seeded in a total volume of 100 ul of matrigel and covered with 100 ul of complete media. For Collagen type I studies, BD four-well chamber slide were coated with 100 μl of 1 mg/ml Corning (Lowell, MA, USA) collagen pH 7 and incubated at 37 o C for 30 min. Diluted cells (1000-10 000 per 1 ml) cell mixtures are added on top of collagen gel and put in 37 o C incubator. Fresh conditioned media is added every 3 days and photographed after 5-6 days of growth at 37°C, 5% CO 2 .
Soft agar cellular growth
Soft agar experiments were performed in six-well cell-culture plates with 10 000 cells per well. Cells were seeded on pre-coated semi-solid agarose layer (0.8%), and the tumor cells were layered on top in 0.4% agarose. Following a 4-week period, the cells were stained with crystal violet blue, photographed and counted under microscope.
Colony-forming units
Five hundred cancer cells were seeded on non-adherent plates (Corning) in serum-free media. After 7 days, colonies greater than 30 cells were counted. Primary spheres were dissociated with trypsin and single cells passaged for second and third passage. In some experiments, single cells were embedded in Matrigel (BD Biosciences) as described. 54 Cells were washed with 1 × phosphate-buffered saline and fixed with 100% MetOH for 10 min at room temperature. Crystal violet stain (Fluka AG 61135, 0.1% in 5% EtOH, Sigma-Aldrich, St Loise, MO, USA) was used to stain colonies prior to counting. Quantification of mammosphere and tumorsphere numbers was accomplished using a Multisizer 3 Coulter Counter (Beckman-Coulter, Brea, CA, USA) that provide number and size distribution of particles between 40 and 336 μm.
Tumorsphere formation assay
Using a total of 500 single cells/cm 2 , cells were plated on super-low adherence plates (Corning). The number of tumorspheres were counted using a Multisizer 3 Coulter Counter (Beckman Coulter).
Affymetrix microarray and data analysis
The microarray analysis was carried out at the Genomics Core of the Tufts Center for Neuroscience Research, Tufts University School of Medicine. MCF-7 and MCF-7/PAR1 cells were quiesced overnight in serum-free media and RNA was isolated using the RNEasy kit (Qiagen). Target RNAs from each cell line (MCF-7, MCF-7/PAR1; n = 3) were fragmented and independently hybridized to Human Genome U133A 2.0 Array (Affymetrix, Santa Clara, CA, USA). Genechips were then washed and stained with Streptavidin R-phycoerythrin (Molecular Probes) and following washes, were scanned using the GeneChip scanner. Data analysis was conducted using the Bioconductor suite of programs. The 3'/5' RNA degradation plot was used to confirm the quality of the RNA samples hybridized to microarrays. Background correction, normalization and summarization of the raw probe intensities were carried out using the GCRMA protocol with default options. LIMMA module and topTable function was used to generate the list of differentially expressed genes. TIGR Multiexperiment Viewer (MeV) was used for statistical analysis and heatmap production. Expression data were deposited in the Gene Expression Omnibus (GEO).
ChIP and co-immunoprecipitation PAR1-MCF7 (N55) and R310-PAR1-MCF7 cells were grown on 150 mm tissue culture plates overnight at 37°C, 5% CO 2 . Cells were cross-linked with 1% formaldehyde in serum-free media, at room temperature for 15 min. Plates were washed twice with cold phosphate-buffered saline plus protease inhibitors (1 mM PMSF, 1 μg/ml pepstatin A and 1 μg/ml Aprotinin). Collected cells were treated with 1 ml Lysis buffer+protease inhibitors (ChIP kit, EMD Millipore, Billerica, MA, USA). Extracts were sonicated using the Misonix Sonicator 3000 (Newton, CT, USA) at high power until DNA fragments of 200-1000 bp were formed. The immunocomplexes were precipitated using Ab against HMGA2 (Cell Signaling Technology). Precipitated complexes were eluted and treated with Proteinase K (100 μg/ml) at 4°C for 90 min. DNA fragments were purified by Qiagen Quick kit (Qiagen, Hilden, Germany) and quantified using a Nanodrop 2000 (Thermo Scientific). The DNA input and comparison between PAR1 expressing and 'dead' PAR1 cell line as control were used for PCR. The PCR primers of PAR1 promoter region and GAPDH control are listed in Supplementary Table 1 . The experiment was carried out three independent times.
Statistical analysis
Cell culture experiments were carried out in minimum three replicates.
All quantified xenograft and in vitro assay results are presented as mean ± s.d. or mean ± s.e. as indicated. Statistical analysis were conducted using GraphPad Prism 5.0 software (San Diego, CA, USA). All statistical tests were two-sided. Student's t-test for bar graph were performed. Statistical significance was defined as *Po0.05, **Po0.01 or ***Po0.001.
